This study develops a facile method to fabricate a novel choline biosensor based on multiwalled carbon nanotubes (MWCNTs) and gold nanoparticles (AuNPs). Chitosan, a natural biocompatible polymer, was used to solubilize MWCNTs for constructing the aqueous Chit-MWCNTs solution. Then Chit-MWCNTs were first dropped on the surface of a cleaned platinum electrode. Finally, a thiolated silica sol containing AuNPs and choline oxidase (ChOx) was immobilized on the surface of the Chit-MWCNTsmodified electrode. The MWCNTs/AuNPs/Pt electrode showed excellent electrocatalytic activity for choline. The resulting choline biosensor showed high sensitivity of choline (3.56 µA/mM), and wide linear range from 0.05 to 0.8 mM with the detection limit of 15 µM. In addition, good reproducibility and stability were obtained.
Introduction
Choline, a precursor of acetylcholine and phosphatidylcholine, is an essential nutrient required by the body for healthy cell membrane function [1] [2] [3] . Without choline, many fat-based nutrients and waste products could not pass in and out of our cells [4] . There is undisputed need for the measurement of neurochemical substances [5] . However, the measurement of choline is difficult because the concentrations of choline in the samples are quite low [6] .
As the most promising alternative technique of choline determination, enzyme-based biosensors have attracted wide attention because they can offer simple and reliable means for the analysis [4, 6] . For example, Bai et al. provided a sensitive and anti-interference choline biosensor based on a biocomposite composed of chitosan hydrogel, choline oxidase (ChOx), and MnO 2 nanoparticles [4] . Another example is that presented by Song et al. [7] . They provided a choline biosensor based on the immobilization of ChOx into a sol-gel silicate film on the multiwall carbon nanotubes (MWCNTs) modified platinum electrode, exhibiting good sensitivity and stability. Recently, Frey et al. developed a novel functionalisation method for the deposition of ChOx and anti-interference layers on the microelectrodes, providing the evidence of adequate biosensor performances for the detection of choline in the physiologically relevant concentration ranges [5] .
The physical and chemical properties of the materials used in the construction of biosensors have got significant influence on their performance [8] . The application of carbon nanotubes in enzyme-based biosensors has attracted the attention of many researchers due to their unique physical and chemical properties, which provided high surface areas for enzyme loading and a compatible microenvironment, and its ability to promote the electron transfer between the biomolecules and electrode surface has been extensively studied [9] [10] [11] . Meanwhile, gold nanoparticles (AuNPs) are one of the most intensively studied and applied metal nanoparticles in amperometric biosensors owing to its stable physical and chemical properties, catalytic activity, and small dimensional size [12] [13] [14] . Therefore, the composite composed of carbon nanotubes and AuNPs, an area of intense research, has been widely used for the fabrication of biosensors. It has been demonstrated that the carbon nanotubes 2 Journal of Nanomaterials and AuNPs composite can not only conserve or enhance the intrinsic properties of the particles, but also offer an effective approach to enhance the properties of biosensors [10, [15] [16] [17] . For example, our group developed an amperometric glucose biosensor based on self-assembly of multilayer films composed of MWCNTs, AuNPs, and glucose oxidase for the specific detection of glucose, providing a promising alternative mode to design amperometric biosensors [10] . Hu et al. also demonstrated that MWCNTs/AuNPs composite is particularly promising for novel, highly efficient photoelectrochemical cells and sensor devices [16] . More recently, Zhang et al. introduced the deposition of AuNPs on a MWCNT-based composite film immobilized on an electrode interface and found that the modified electrode exhibited a variety of good electrochemical characteristics including a relatively high sensitivity and long-term stability [17] .
Taking account of the advantages of MWCNTs and AuNPs, the main focus of the present study was to construct a novel choline biosensor based on MWCNTs and AuNPs composite film. To meet the desired requirements, ChitMWCNTs were first dropped on the surface of a Pt electrode, and then a thiolated silica sol containing AuNPs and ChOx was immobilized on the surface of the Chit-MWCNTs modified electrode to construct a MWCNTs/AuNPs/Ptbased amperometric choline biosensor. The electrocatalytic behaviors of the resulting choline biosensor are investigated and discussed.
Experimental
2.1. Reagents. Choline oxidase (EC 1.1.3.17, 17 units/mg protein, from alcaligenes species), (3-mercaptopropyl) trimethoxy silane (MPTMOS) and chitosan (low molecular weight, 75-85% deacetylated) were purchased from SigmaAldrich. MWCNTs (>50 nm diameter, length 0.5-1 µm, and >95% purity) were obtained from Chengdu Institute of Organic Chemistry, Chinese Academy of Science (China). Chloroauric acid hydrated (HAuCl 4 ·4H 2 O) were purchased from Sinopharm Chemical Reagent Co. (China). All the reagents were of analytical grade and used without further purification. The high-purity deionized water (resistance > 18 MΩ·cm) was used throughout this work. Phosphatebuffered saline (PBS, pH 8.0) buffer was employed as supporting electrolyte. All experiments were performed in PBS at room temperature, approximately 25
• C.
Preparation of the Biosensor

Preparation of Chit-MWCNTs.
MWCNTs (1 g/L) were sonicated in chitosan solution (2 g/L, in acetate buffer, pH 5.0), and centrifuged at 10,000 rpm for 10 min. The sediment comprising of impurities aggregates and bundles of nanotubes at the bottom of the centrifuge tube was discarded, and the supernatant containing Chit-MWCNTs was collected and filtrated through a 100 KDa filter (Millipore) to remove excess chitosan.
Preparation of AuNPs.
All glassware used in the following procedure was cleaned in a bath of freshly prepared 
Transmission Electron Microscope (TEM) Measurements.
To examine the size of AuNPs, the sample was observed by a JEM-2100HR TEM by dropping 5 µL of the solution on the top of a TEM grid.
Optical Spectra Measurements.
The absorption spectrum of AuNPs was obtained using a UV/VIS spectrometer (Lambda 35, Perkin-Elmer, USA).
Electrochemical Measurements.
Electrochemical measurements were carried out by a Potentiostat-Galvanostat (EG & G PARC Model 283 with a software M270). All electrochemical experiments were carried out using a conventional three-electrode system comprising the AuNPs and MWCNTs modified Pt electrode as the working electrode, a Pt wire as the auxiliary electrode, and Ag/AgCl (saturated KCl) as the reference electrode in an electrochemical cell filled with 20 mL of PBS at room temperature. In steady-state amperometric experiment, the potential was set at +600 mV under gently magnetic stirring.
Journal of Nanomaterials 
Results and Discussion
Biomedical application potentials of carbon nanotubesbased materials have been investigated intensively in recent years [21] . In this work, a novel amperometric choline biosensor based on MWCNTs, AuNPs, and silica sol-gel of MPTMOS has been developed, as shown in Figure 1 . Firstly, MWCNTs were sonicated in chitosan solution and dropped on the surface of a cleaned Pt electrode. Then, the sol-gel solution composed of AuNPs and ChOx was dropped on the surface of the Chit-MWCNTs modified Pt electrode. The working mechanism of the resulting choline biosensor for choline is based on the following sequential biochemical reactions:
(1)
In the presence of oxygen, ChOx converts choline into betaine and hydrogen peroxide (H 2 O 2 ). Hydrogen peroxide, an electrochemically active product, is easily oxidized on electrode. The oxidation current of hydrogen peroxide can be used as a measure of choline.
The microscopic morphology of Chit-MWCNTs prepared by strong stirring and ultrasonication was shown in Figure 2 (a), which can be stable for at least 1 month at room temperature without visible flocculation, evidenced by the homogeneous black color of Chit-MWCNTs solution (Figure 2(d) ). The diameter of AuNPs was about 15 nm, as shown in Figure 2(b) , which was confirmed by the UVvis absorption spectrum (Figure 2(c) ). AuNPs presented an absorption peak at 520 nm in the range from 400 to 600 nm, which is the characteristic absorbance of AuNPs.
MPTMOS is a bifunctional molecule that contains both trimethoxysilane and thiol functional groups. Trimethoxysilane groups can undergo hydrolysis and condensation reaction to form a covalently linked siloxane network which is used for physical encapsulation of ChOx and AuNPs. Meanwhile, the thiol groups can be used for the covalent attachment of AuNPs to sol-gel network. It has been demonstrated that AuNPs with the diameter of 20 nm can be both diffused into and on the surface of the sol-gel network [22] and can generate a continuous array of AuNPs throughout the sol-gel network [23] . In view of the fact that the diameter of AuNPs used in this work was about 15 nm, AuNPs can be immobilized both inside and on the surface of the sol-gel, providing a necessary conduction pathway between the immobilized ChOx and the surface of the Pt substrate. Therefore, the resulting choline biosensor will exhibit the benefits of sol-gel, nanoparticles, and enzymebased amperometric biosensor. much higher than that of AuNPs/Pt electrode, indicating that MWCNTs and AuNPs in the biosensing interface efficiently improved the electron transfer between analyte and electrode surface. Figure 4 shows a typical current-time plot of AuNPs/Pt electrode (a) and MWCNTs/AuNPs/Pt electrode (b) on successive addition of choline, which are 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 mM, respectively. These amperometric data were consistent with the results obtained from cyclic voltammograms experiments, demonstrating that MWCNTs/AuNPs/Pt electrode exhibited higher activity for the enzymatic product H 2 O 2 than that of AuNPs/Pt electrode. The performance of the MWCNTs/AuNPs/Pt electrode was better than that reported for MWCNTs/sol-gel modified Pt electrode and ChOx/sol-gel modified Pt electrode [7] . So among the resulting biosensors, MWCNTs/AuNPs/Pt electrode was the best one, which was attributed to the MWCNTAuNPs composite film. The amperometric response of MWCNTs/AuNPs/Pt electrode was in accordance with that reported for nanocomposite modified electrodes [24] . • C when not in use. The current only decreased slightly after one month. The high stability should be attributed to the natural features of sol-gel film, MWCNTs, and AuNPs. The sol-gel film not only can prevent ChOx from leaking out of the electrode, but also together with MWCNTs and AuNPs can provide a favorable microenvironment for retaining the biocatalytic activity of ChOx.
Conclusions
A novel choline biosensor based on immobilization of ChOx on a thiolated silica sol-gel, AuNPs, and Chit-MWCNTs interface was successfully developed. The MWCNTs/AuNPsbased Pt electrode generated a significant catalytic oxidation current compared with other ChOx electrodes modified with MWCNTs alone or AuNPs alone. The resulting choline biosensor showed a high sensitivity of choline, wide linear concentration range, acceptable reproducibility, and good stability. Significant advantages of the proposed choline biosensor include simplicity of fabrication and the benefits of sol-gel, MWCNTs, AuNPs, and enzyme-based amperometric biosensor.
